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ADAPTIVE ON-TIME CONTROL FOR
POWER FACTOR CORRECTION STAGE
LIGHT LOAD EFFICIENCY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of priority of U.S. Provi-
sional Application 61/364,842, filed Jul. 16, 2010, which is
hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

The present invention generally relates to power supply
and power conversion circuits and, more particularly, to
power factor correction circuits generally included therein
and techniques for improving efficiency thereof over the load
range for power supplied thereby.

BACKGROUND OF THE INVENTION

Many electrical and electronic devices, particularly indus-
trial and consumer electronics devices require direct current
(DC) power for operation although such power may be ulti-
mately generated and distributed over a power grid as alter-
nating current (AC) power. In many such devices, particularly
those including relatively powerful or high performance pro-
cessors, logic circuits and/or memories, the required DC volt-
age(s) must be closely regulated. Therefore inclusion of a
power converter is a requirement of virtually all such devices
although the power converter, itself, does not contribute to the
ultimate function of the circuits to which power is supplied.
Further, the power converter often represents a significant
fraction of the cost of the electronics in such a device and the
space and weight thereof may be comparable to the electron-
ics themselves. Accordingly, efficiency of power delivery of
the power converter is of paramount importance. The power
density and complexity/cost of the power converter is of an
importance which often closely approaches that of efficiency
in power delivery.

A power converter, especially if it is to be connected to an
AC power distribution grid typically has three stages: an
electromagnetic interference (EMI) filter stage designed to
prevent high frequencies such as switching transients from
being transmitted back to the power distribution grid and/or
radiated into the environment, a power factor correction
(PFC) stage to prevent or minimize effects on the power
distribution grid voltage or phase due to changes in load, and
a regulator stage to maintain the voltage supplied within a
very narrow range notwithstanding potentially large changes
in the current supplied. The EMI filter stage does not gener-
ally present significant losses and efficiency of switching
voltage regulators is relatively high at the present state of the
art. On the other hand, depending on the noise magnitude and
frequencies present in switching noise that may be generated,
the EMI filter stage may be of significant complexity, size and
weight and may thus compromise cost and power density of
the complete power converter.

However, the PFC stage which generally provides AC to
DC conversion and the regulator stage remain a significant
contributors to operating losses in power converters. While
switching regulator stage design has become highly sophis-
ticated and relatively high efficiency can be achieved over
wide load range, the design of PFC stage circuits has also
become highly developed but high levels of efficiency have
been achieved only for relatively narrow load ranges. The
principal difficulty in achieving overall high efficiency arises
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2

when the load to which power is to be supplied varies more
widely, as is particularly the case for modern semiconductor
digital processors, logic circuits and memories which have
recently become capable of extremely fast cycle times and
high clock frequencies. As is known, an ideal transistor oper-
ated in a digital or binary mode, consumes power only during
switching transitions and thus higher clock rates imply
greater power consumption, even in ideal devices, while
state-of-the-art semiconductor devices often operate in
modes which are far from ideal and consume significant
power in each of the binary states as well as during switching
transitions. Further, such devices, upon receiving an input,
perform associated processing at very high speed while
reverting to a stand-by mode or even a so-called “sleep” mode
until further input is received in order to conserve power (e.g.
that may be supplied from a battery). Therefore, such devices
exhibit a wide range ofthe load which they may present at any
given time.

Thus, the PFC stage of power converters is also required to
accommodate such a wide range of load as efficiently as
possible. However, in PFC circuits developed to date, while
capable of acceptable efficiency at full or near-full load by
operating at a high, constant switching frequency using vari-
able pulse width, that efficiency cannot be maintained at
medium or light load where switching losses at the constant
high frequency become dominant.

It is also known that light load efficiency can be achieved
for PFC circuits by varying the switching frequency to reduce
switching losses. However, it is increasingly being required
that very high efficiency be maintained over the entire poten-
tial load range of the circuit(s) to which power is being sup-
plied and it has been found that simply switching from one
mode of operation to another mode of operation is inadequate
to maintain a sufficiently high efficiency over the entire load
range. Further, attempts to achieve some blending of modes
of operation that may have been attempted to date have been
similarly unsuccessful in achieving significant efficiency
improvement while involving greatly increased complexity
to the point of compromising power density, cost and weight
of the power converter.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
a PFC stage for a power converter that can maintain high
efficiency comparable to full load efficiency of a constant
high frequency, variable on-time PFC stage over an extremely
wide load range.

It is another object of the invention to provide a PFC stage
for a power converter that can maintain high efficiency over
anextreme load range in a sufficiently simple manner to allow
significant improvements in power density at low cost.

In order to accomplish these and other objects of the inven-
tion, amethod of operating a power factor correction circuit is
provided comprising steps of applying a cyclically varying
voltage to an input of said power factor correction circuit,
performing switching to control conduction of pulses of cur-
rent at the cyclically varying input voltage to a filter/inductor
at a frequency, defining a switching cycle, which is suffi-
ciently high to supply a predetermined current at a desired
output voltage to a load, the switching defining a predeter-
mined on-time and a predetermined off-time in accordance
with the predetermined current and the desired voltage such
that current through the filter/inductor is continuous in a
continuous conduction mode, reducing the predetermined
current supplied to supply a reduced current to the load, and
reducing the frequency of the pulses by extending the off-
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time during at least a portion of a cycle of said cyclically
varying voltage in accordances with the reducing of said
predetermined current such that current through the filter/
inductor is discontinuous in a discontinuous conduction
mode.

In accordance with another aspect of the invention, a power
converter circuit is provided comprising a switching circuit
configured to conduct pulses of a cyclically varying voltage to
a filter/inductor, an output for delivering a predetermined
voltage developed by said filter/inductor to a DC/DC con-
verter or a load, a controller for controlling the switching
circuit to determine an on-time duration and an off-time dura-
tion in accordance with a current delivered to the DC/DC
converter or load at a desired voltage, wherein the controller
determines the off-time to establish one of a continuous con-
duction mode or a discontinuous conduction mode for respec-
tive pulses of the cyclically varying voltage in accordance
with a magnitude of current and wherein, during discontinu-
ous conduction mode, the controller controls the switching
circuit such that the off-time includes periods when substan-
tially zero current flows through said filter/inductor and fre-
quency of the pulses is thereby reduced the said current is
reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages
will be better understood from the following detailed descrip-
tion of a preferred embodiment of the invention with refer-
ence to the drawings, in which:

FIG. 1 is a high-level block diagram of a generalized AC-
DC converter,

FIG. 2 is a graphic depiction of recent trends in require-
ments for power converter efficiency,

FIG. 3 is a graphical comparison of PFC stage target effi-
ciency and efficiency of an exemplary current PFC stage
circuit,

FIG. 4 is a graphical comparison of percentage losses
attributable to various functions of a PFC circuit at full and
light loads,

FIG. 5 illustrates the basic principles and exemplary opera-
tional waveforms of an exemplary buck converter or voltage
regulator,

FIG. 6 illustrates on-time profiles for a PFC circuit oper-
ated at constant switching frequency at representative load
levels,

FIG. 7 illustrates operating frequency profiles of a PFC
circuit to maintain a constant on-time profile at representative
load levels,

FIG. 8 illustrates inductor or filter current waveforms of a
PFC circuit for the respective load levels illustrated in FIG. 7,

FIG. 9 illustrates operation of adaptive on-time operation
for different input voltage levels,

FIG. 10 illustrates a feedback circuit for providing the
adaptive on-time functionality described above in connection
with FIGS. 7-9,

FIG. 11 is a flow chart of operations for digital calculation
of adaptive on-time for differing loads by preferred digital
predictive control,

FIG. 12 is a flow chart of a procedure for predicting appro-
priate conduction mode for a given switching cycle in accor-
dance with the invention,

FIGS. 13A and 13B are graphical depictions of determi-
nation of off-time useful in understanding choice of control of
operating conduction mode in accordance with the invention,
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FIG. 13C is a high-level block diagram of a preferred
system configuration for digital Adaptive on-time control in
accordance with the invention,

FIGS. 14 and 15 are comparative graphs of efficiency of the
adaptive on-time control in accordance with the invention and
constant frequency control, illustrating the efficacy of the
invention to reduce switching frequency related losses,

FIG. 16 illustrates possible variation of on-time profile and
corresponding variation of switching frequency as possibly
advantageous implementations of the invention,

FIG. 17 is a graphical comparison of DM noise of a single-
phase embodiment of the adaptive on-time PFC in accor-
dance with the invention and a constant frequency PFC,

FIG. 18 is a graphical comparison of EMI noise ofa single-
phase embodiment of the adaptive on-time PFC in accor-
dance with the invention and a four-phase adaptive on-time
PFC with 30° phase shift,

FIG. 19 illustrates adaptive angle selection for an adaptive
on-time PFC in accordance with a perfecting feature of the
invention,

FIG. 20 illustrates phase angle selection at different
switching frequencies,

FIGS. 21 and 22 illustrate inductor current at heavy load
and light load, respectively,

FIGS. 23 and 24 graphically compare single-phase, con-
stant frequency PFC efficiency and four-phase, adaptive on-
time PFC efficiency at low line input and high line input,
respectively, and

FIG. 25 is a graphical comparison of EMI noise of four-
phase, adaptive on-tome PFCs with 30° phase shift and adap-
tive phase shift.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more particularly to
FIG. 1, there is shown a generalized high-level block diagram
of an AC-DC converter 100 and its application to providing
power to one or more systems within one or more electronic
devices. AC power, for example, is initially provided from an
AC distribution system 110 of one or more phases, three-
phase power being illustrated as an example. It should be
understood that power could alternatively be supplied from a
DC source, such as a battery or DC generator such as a solar
array. As alluded to above, an EMI filter 120 is generally
provided to reduce noise from the front-end converter 125
and/or the load from being reflected back to the power source
and/or radiated to the environment from which it could affect
other devices or the power source, itself, such as by causing
excess heating in a battery.

The front-end converter 125 includes a power factor cor-
rection (PFC) circuit 130 that develops DC power of approxi-
mately the required voltage to drive a DC-DC converter 140
which generally functions to provide regulation of an output
DC voltage at a desired voltage within a required precision or
tolerance. Depending on the particular application or elec-
tronic device that is to receive power, the output of the DC-DC
converter may be applied to a distribution bus 150 to which
any number of devices or systems 160 may be connected. For
purposes of illustration, an on-board (e.g. point of load) con-
verter, a high voltage regulator module (VRM) and a further
on-board converter driving a low volt voltage regulator mod-
ule (VRM) as would generally be provided for a digital pro-
cessor, memory or logic array are shown as exemplary. More
or fewer such loads 160 can be connected to bus 150.

For improved efficiency, switching circuits rather than ana-
log circuits are customarily used for circuits 130, 140 and 160
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since no significant voltage drop (consuming power and pro-
ducing heat) is developed across them when a lower voltage is
needed and voltages higher than the supply voltage can be
produced by suitable circuits, often referred to collectively as
boost converters. However, such switching necessarily pro-
duces some degree of noise which may be reflected back to
the power source as alluded to above. In particular, the PFC
circuit which performs the initial power conversion and has
the principal function of avoiding changes in the load from
affecting the power source produces a voltage which only
approximates a desired voltage and will necessarily contain
some degree of ripple at the switching frequency and harmon-
ics thereof. Thus, the EMI filter 120 must attenuate not only
switching noise from any and all downstream regulators but
must principally attenuate noise, such as that due to ripple
voltage, generated by the PFC circuit. The importance of
these general observations will become increasingly apparent
in the discussion of various perfecting features of the inven-
tion which will be described below since the size of the EMI
filter required to sufficiently attenuate such noise can severely
compromise the potential power density of the overall AC-
DC converter even though the EMI filter is not generally a
significant source of inefficiency and is otherwise unimpor-
tant to the basic principles of the invention to provide
increased efficiency over a wide range of load.

As alluded to above, increasing concerns for energy con-
servation and environmental protection as well as increased
convenience of electronic device use, efficiency requirements
of rapidly increasing stringency have been demanded by both
industry regulation and by customers using various electronic
devices. Referring now to FIG. 2, efficiency requirements as
a fraction of full load for power converters and PFC circuits
are graphically illustrated for various programs and date
ranges. For example, the “80 Plus” program or certification
requires a minimum 80% efficiency for a device, regardless of
load. In consecutive twelve-month periods from mid-2007 to
mid-2010 peak efficiencies at 50% load of 85%, 89% and
93% were required with no more than a 4% reduction from
peak efficiency at 20% and 100% load. Customer target effi-
ciency currently calls for 94% peak efficiency with no more
than a 1% reduction at full (100%) load and a 2% reduction at
20% load and extends light load efficiency demands to a
minimum of 85% at 10% load and 75% at 5% load. DC-DC
target efficiency is even higher as is shown as PFC Target
efficiency. In this latter regard, however, it should be noted
that a much higher target efficiency for light loads is set for
PFC stages than for DC-DC converter stages; 98% or higher
between 20% load and full load and above and 96% or higher
even at 5% load. This requirement can be readily understood
by recalling that the overall power converter efficiency will be
the product of the PFC efficiency and the regulator efficiency.
A high PFC target efficiency over the entire load range thus
assures that the overall efficiency of the power converter will
be very close to the efficiency of the voltage regulator stage.

Referring now to FIG. 3, the PFC stage target efficiency is
contrasted with the efficiency of current PFC stage circuits as
a function of fractional load for an exemplary, simple 300
Watt PFC boost converter circuit design. Since current PFC
stage circuits are designed and operated in much the same
manner as DC-DC converter circuits, the efficiency profile of
current PFC stage circuits is similar to that shown for DC-DC
converters in FIG. 2. It should be appreciated that the overall
efficiency of a front-end converter 125 is the product of the
efficiencies of the PFC circuit 130 and the DC-DC converter
140, it can be easily understood that very low light load
efficiency of the overall front-end converter will result and
that, if the PFC stage light load efficiency can be raised above
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95%, the light load efficiency of the overall front-end con-
verter 125 can be improved to only slightly less than that of
the DC-DC converter stage, alone, as alluded to above.

Referring now to FIG. 4, a percentage loss breakdown for
the various operational functions of a PFC circuit of current
design and operation are shown for 100% and 10% load.
Switching frequency related losses comprising core losses,
turn-on losses and turn-off losses are grouped together within
dashed line 410. It can be readily seen that the percentage loss
attributable to each of these types of losses increases greatly
atlight loads while other types oflosses are generally reduced
at light loads. Moreover, these switching frequency related
losses are of a magnitude which dominates all other percent-
age losses at light loads.

Referring now to FIGS. 5-7, the basic principles of the
invention will now be discussed. It should be noted that FIGS.
5 and 6 are provided and arranged to facilitate an understand-
ing of the invention and, while principally representing circuit
operation other than that provided by the invention, some
modes of operation of the invention (e.g. operation at full
load) are similar to circuit operation illustrated in FIGS. 5 and
6.

Therefore, no portion of either FIG. 5 or FIG. 6 is admitted
to be prior art in regard to the present invention and these
Figures are, accordingly, designated as “Related Art”.

While FIG. 5 is directed to a DC-DC voltage converter or
regulator rather than a PFC circuit and FIG. 6 is directed to a
PFC circuit operated in a constant frequency mode rather than
an adaptive on-time mode of operation provided by the inven-
tion, a discussion of the constant on-time operation of a
voltage converter or regulator circuit as shown in FIG. 5 and
an explanation of why the frequency reduction which is auto-
matic in such a circuit does not occur in constant frequency
operation of a PFC circuit as shown in FIG. 6 will be helpful
in understanding the more complex operation of the PFC
circuit in accordance with the invention including adaptive
on-time operation. The operational waveforms illustrated in
FIG. 5 are, for simplicity, characteristic of a buck voltage
converter or regulator circuit but other topologies may pro-
duce waveforms of different shape.

As has been recognized, a constant on-time control in a
voltage regulator (VR) provides automatic alteration of fre-
quency at light loads and thus substantially improves effi-
ciency of voltage converters and regulators at light load.
Constant on-time control in DC-DC voltage converters and
regulators automatically provides a reduction in frequency as
the load becomes lighter. Specifically, while the instanta-
neous filter or inductor current, i,, will fluctuate at the switch-
ing frequency (which is set to assure that the design load
current can be delivered) due to connection to and disconnec-
tion from a substantially constant DC input voltage source, at
heavy load, the average current, I, delivered to the load will
be sufficiently high that i, will always be positive (e.g. greater
than zero). That is, the constant frequency is chosen such that
a further constant on-time pulse is delivered while the induc-
tor remains in a free-wheeling condition following the previ-
ous pulse. Hence, this mode of operation is referred to as
constant current mode (CCM) operation.

As the load is decreased, reducing I, it will reach a point
where minima of i, reach zero. The average load to produce
this condition is referred to (somewhat incorrectly) as the
critical current, I,,,. Operation at this load is thus referred to
(equally incorrectly) as critical conduction mode (CRM).
Since the timing of the constant on-time pulses is controlled
by feedback of the output voltage (which is pulled down as
output current is drawn from the DC-DC converter or regu-
lator) and compared with the input voltage, even lighter loads



US 8,803,489 B2

7

than I ,,, delay the occurrence of constant on-time switching
control pulses and frequency is automatically reduced in pro-
portion to the reduction in load (and the duration of “dead
time” between on-time pulses is increased at loads below I,
Since the constant on-time switching pulses are separated in
time for loads below I_,,,, this mode of operation is referred to
as discontinuous conduction mode (DCM).

For a PFC circuit which has an AC power supply (e.g.
full-wave rectified AC voltage) rather than a substantially
constant DC input, the operation is somewhat different in that
constant switching frequency does not result in constant on-
time. Conversely, i, will be greater when the input voltage is
higher near the center of a half line periods of the AC input
signal (e.g. where a half-sinusoidal waveform will vary from
zero to reach a peak amplitude at T,,,./4 and return to zero at
T,,,,./2; hereinafter referred to as a halfline period or halfline
cycle which is long compared to the switching frequency and
will contain many switching cycles. Accordingly, it follows
that at constant frequency and full load, the actual on-time
(e.g. the period of conduction when the input voltage is
greater than the sum of the output voltage and the voltage
developed across the inductor/filter) will become shorter near
the center of a half-line period (when the input voltage is
high) and longer toward the ends of a half-line period (when
the input voltage is low) but operation remains in the constant
current mode (CCM), as shown in the graph on the left-hand
side of FIG. 6.

As further shown in the left-hand side of FIG. 6, when the
load is reduced below full load, the on-time is reduced at the
constant switching frequency at the ends of the half line
period. During these periods of each halfline period near T=0
and T=T,, /2 when the input voltage is relatively low, the
filter/inductor will conduct in the discontinuous conduction
mode (DCM) and the conduction mode of any halfline period
will be CCM in the middle portion of the halfline period near
T,,,./4 and the remainder in DCM.

As additionally shown in FIG. 6, as the load is further
reduced, the periods of DCM operation in a half-line cycle
will increase until the operation will become DCM through-
out the half-line cycle period. In such a case, the on-time
profile will separate from any portion of the full load CCM
profile and the separation will increase as the load is
decreased to lower levels. It should be kept in mind from the
graph atthe right-hand side of FIG. 6 that the frequency in this
example is kept constant and, since the frequency is main-
tained constant, the switching frequency related losses
remain dominant since conduction loss is very small at low
load conditions even though such reduction in switching fre-
quency and switching frequency related losses occurs inher-
ently in a voltage converter or regulator operated at constant
on-time, as discussed above in connection with FIG. 5.

Accordingly, to achieve reduction in switching frequency
related losses and consequently improved efficiency at low
loads in a PFC circuit, the invention, in accordance with its
most basic principles seeks to develop an adaptive on-time
function which will cause an automatic switching frequency
reduction at light loads. To accomplish this function, the
adaptive on-time control in accordance with the invention
uses the on-time profile for full load, CCM-only operation of
the constant frequency control operation, as described above
to assure that the PFC circuit will be able to accommodate full
design load and seeks to conform the on-time profile for lesser
load levels to that CCM on-time profile by modification of
switching frequency.
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The full load, CCM-only profile of FIG. 6 is replicated in
the graph on the left side of FIG. 7. This on-time profile,
which can be expressed, for the constant frequency operation
case, as

TonO=(VoD=Via DYV s @ conso M

features shortening of on-time toward the center of each half
line cycle, as described and discussed above, but does not
change with the level of load. It should be appreciated that
equation (1) is valid to describe the on-time profile for any
constant frequency that may be chosen in consideration of the
level of load to be met. Therefore, if a lesser load is to be met
(e.g. when a load less than a full or lesser given load is
detected) a switching frequency appropriate to that load can
be chosen and the on-time profile for that load can be con-
formed to the on-time profile illustrated on the left side of
FIG. 7. However, it should be noted that, in accordance with
the invention, f_ .., in equation (1) is preferably chosen based
on the full load power level for which the PFC is designed.
Normally, in conventional PFC circuits, £ ,,, would be cho-
sen to be smaller than the full power level of the system in
order to reduce switching losses.

The desired frequency profiles to maintain a consistent
on-time profile for various loads are illustrated on the right-
hand side of FIG. 7. It will be appreciated that the changes of
frequency for respective load levels are similar in general
characteristics to the on-time profiles for the same load levels
in the constant frequency operation example for which data
was illustrated in FIG. 6 and discussed above. That is, for a
load level less than that which maintains CCM operation for
the entire halfline period (in this case, greater than 29% of full
load at which point i, will fall to zero at the ends of switching
periods at the switching frequency; a load level correspond-
ing to I, discussed above in connection with FIG. 5 and
representing critical conduction mode (CRM) operation in a
PFC circuit), the frequency is preferably reduced at the ends
of'the half line period and progressing, with reduction in load
level toward the center of the half line period. The frequency
is also preferably reduced linearly toward the ends of the half
line period. The portion of the half line period at which the
switching frequency appropriate to full load remains in CCM
operation while DCM operation is produced during the por-
tion of the half line period when frequency is reduced. When
the load level is further reduced (e.g. below 19% of full load
in this example), the frequency profile is separated entirely
from the constant frequency used at full load during any part
of'the half line period and the separation will increase as load
level is further reduced. It should be appreciated that the load
level at which the “full load” switching frequency is reached
only at the instant of T},,./4 in a half line period essentially
corresponds to I, and instantaneous operation at critical
conduction mode (CRM) discussed above in connection with
FIG. 5.

The inductor/filter current, i, can be visualized as shown
in FIG. 8, although the switching frequency depicted therein
is, for clarity, depicted as being much lower than is practical
in a PFC circuit. (Waveforms of actual currents are shown in
FIGS. 21 and 22.) For full load and intermediate loads which
cause constant CCM operation, depicted at the left of FIG. 8,
the frequency is constant and the instantaneous i, oscillates
around a current that follows the half-sinusoidal input volt-
age. When the load level causes a combination of CCM and
DCM operation within a half line period, the frequency will
be constant near the center of the half line period and will be
significantly reduced towards the ends of the halfline period,
as illustrated in the center graph of FIG. 8 and as can be seen
as a difference in separation of the maxima and minima of'i;.
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Note also that, near the center of a half-line period, the fre-
quency becomes constant and the minima of the current
waveform are greater than zero while, at the ends of the
half-line period the minima are zero and a “dead time occurs”
between current pulses. At even smaller loads (below 19% of
full load in this example), the switching frequency is reduced
below the “full load” switching frequency throughout the half
line period, although some slight increase in frequency near
the center of the half line period can be seen in the right-side
graph of FIG. 8. Periods where 1,=0 (e.g. “dead time”)
between all peaks thereof indicates that the PFC circuit is
operating in DCM throughout the half line period.

It should be appreciated that the switching frequency will
change with instantaneous input voltage. By the same token,
the switching frequency profile will change for “full load”
operation (which term will be used hereinafter to be inclusive
of intermediate loads where CCM operation will be main-
tained) with change of peak input voltage. In other words, as
the peak (or RMS, etc.) input voltage is increased the on-time
profile will change as shown at the lower left of FIG. 9 but
on-time profiles for lesser loads can still be conformed thereto
in the manner discussed above. In the case of an increased
peak (or RMS, etc.) input voltage, the switching frequency
profile required to conform the on-time profile to the “full
load” frequency profile will also be adaptively scaled to oper-
ate as described above with corresponding reduction in
switching frequency related losses.

More generally, however, FIG. 9 is intended to show that
when the peak (or RMS, etc.) input voltage changes, the
on-time profiles also changes accordingly based on the equa-
tion

Ton(O=(VomViup SO VoS oses

assuming the waveform remains sinusoidal or half-sinusoi-
dal. The shape of the on-time profile will also change with the
instantaneous voltage and differently shaped waveform will
also result in differently shaped on-time profiles. The purpose
of changing on-time profiles is to maintain a constant oper-
ating frequency at heavy load. The reason is that if an on-time
profile corresponding to a lower input voltage is used for a
higher input voltage, the inductor current ripple would be
very large, leading to high RMS inductor current loss. From
the left side of FIG. 9, it can be seen that the on-time profile is
reduced with higher input voltage. It should also be noted, in
this regard, that the change in on-time with input voltage does
not affect switching frequency related losses, particularly at
heavy loads, but is discussed here to emphasize that the same
electrical operation that causes a reduction in switching fre-
quency at light loads also automatically and adaptively
accommodates changes in input peak or RMS sinusoidal
waveform magnitudes and even differently shaped input
waveforms.

Before proceeding to a discussion of how optimal adaptive
on-time functionality can be easily obtained, the inventors
have discovered that some of the above functionality can be
roughly approximated in a PFC configured for operating with
a constant on-time to achieve some degree of improvement in
light load efficiency as will now be discussed in connection
with FIGS. 10 and 11. FIG. 10 illustrates a feedback circuit
arrangement applied, for example, to a boost converter type
PFC circuit in which current is drawn through inductor 1010
by transistor 1020. When this current is then interrupted by
transistor 1020, a large voltage higher than the input voltage
is developed across inductor 1010 and produces a current I,
which is provided to a filter capacitor, C,, and the load, R,
through diode 1030 which prevents reverse current flow when
transistor 1020 is conductive. The feedback arrangement
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preferably includes resistive voltage dividers for both the
input and output voltages and, in practice, can preferably be
adjusted to tune the response of the PFC circuit. The output of
the voltage divider at the PFC circuit output is compared at
comparator 1040 with a reference voltage and multiplied with
the output of the voltage divider on the input current source.
The result is then compared at comparator 1050 with the input
current and the result applied to a processor (preferably with
analog to digital conversion at some point) for computing the
time at which a constant on-time is to be applied to transistor
1020 as discussed below. As discussed above, under heavy
load and high input voltage, the frequency will be increased
near the center of the half line periods and, conversely, for
lighter loads and/or at lower input voltage, the frequency will
be decreased. However, this change in frequency is relatively
slight and only occurs when the load closely approaches1_,,;
above which the switching frequency related losses are not
dominant. Further, while this control arrangement works well
for CCM and CRM, it does not support pulse frequency
modulation (PFM) for DRM. That is, the feedback circuit
arrangement depicted in FIG. 10 has been found to work well
for CCM and CRM conduction modes where there is no
“dead time” between pulses which produces pulse frequency
modulation (PFM), as discussed above in connection with
FIG. 5 although a degree of frequency reduction is achieved
in CRM operation. However, this feedback arrangement will
not produce the full potential reduction in switching fre-
quency possible for very light loads where periods of DCM
operation occur because at such light loads where the output
voltage is not significantly drawn down by output current, the
output (B) of comparator 1040 will be negative and thus cause
inversion of the output (C) of the multiplier and incorrect
operation of the feedback circuit because comparator 1050
cannot trigger the adaptive T ,,, computation and control while
the feedback signal is negative. Essentially, the feedback
circuit of FIG. 10 cannot provide the “dead time” between
pulses required for full potential PFM and reduction of
switching frequency related losses. Nevertheless, since the
onset of severe switching frequency related losses occurs at a
very low load level (typically below the 20% of full load for
which efficiency requirements are currently specified, and
many devices may not exhibit loads below that level, the
feedback arrangement of FIG. 10 may have substantial appli-
cation in many practical devices.

For other applications where loads less than 20% of full
load may be presented, an additional input to the feedback
circuit arrangement can provide PFM to arbitrarily low load
levels. Specifically, as shown in FIG. 11 the addition of aramp
signal (preferably adjustable in slope allowing the arrange-
ment to be tuned), which can be generated in a simple manner,
to waveform C can be used to initiate the T, computation and
control. Specifically, by sensing I, and starting generation of
the ramp voltage when inductor/filter current returns to zero
and adding the ramp to waveform C of FIG. 10, T, compu-
tation and control will be started when signal C' of FIG. 11
reaches zero (but is suppressed while C' is negative). At that
point, the ramp can be terminated and resumed when the
inductor/filter current again reaches zero. Ramp generation
can thus be controlled with, for example, a pair of compara-
tors and a few logic gates. Thus, PFM for arbitrarily light
loads can be achieved with the feedback circuit arrangement
of FIG. 11 by injecting a ramp signal into the feedback loop
which suppresses the start of the next constant on-time con-
trol signal and introduces dead time between constant on-
time signals although of durations not optimally correspond-
ing to reduction of load. It should be recognized, however,
that while performance of the arrangement of FIG. 11 may
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preferably be optimized by tuning the slope produced by the
ramp voltage generator, the improvement in efficiency
achieved for very light loads by simply extending a constant
on-time operation into a DCM regime for reduction of switch-
ing frequency in a manner that is a rough approximation of
adaptive on-time control provided by the preferred embodi-
ment of the invention but that approximation is not, in fact,
accurately adaptive and is not optimal and substantially
greater improvements in efficiency may be achieved in the
manner which will now be discussed in connection with
FIGS. 12, and 13A and 13B.

As shown in FIGS. 12, 13 A and 13B, optimal improvement
in light load efficiency through fully adaptive on-time control
as described above can be achieved through a digital predic-
tive method. Referring now to the flow chart of FIG. 12, in
digital predictive control, the input voltage, V,,, inductor
current, I, and output voltage, V_, are sampled at the begin-
ning of each switching cycle, the on-time and reference cur-
rent, [, calculated and a determination is made whether the
PFC circuit should be operated in CCM or DCM to deliver the
next current pulse to the output filter and load. The adaptive
on-time at the nth switch cycle is calculated in accordance
with equation (1) above. After the on-time is obtained, the
current ripple can be calculated as:

Lol M=V /L) T o @

The current reference, I_[n], can be obtained from the volt-
age feedback loop by multiplying the output of the voltage
loop compensator and the sensed input voltage. Comparing
1 [n] with half of the ripple current, the operational conduc-
tion mode for the current switching cycle can be chosen as

CCM: 0.5, [n]<I [n], or

DCM: 0.51,,,,,;.[n]>1 [n].

The CCM and DCM control law is illustrated in FIGS. 13A
and 13B. For CCM operation, the average inductor current
can be controlled to be the same as the current reference if the
inductor current at the end of a switching cycle is one-half the
ripple voltage lower than the current reference as shown in
FIG. 13A. For DCM operation, the area of the inductor cur-
rent is controlled to be the same as the area of the rectangle
formed by 1. and the duration of the time span between con-
secutive sampling points as shown by hatching of the wave-
forms in FIG. 13B. In other words, for either CCM (where the
triangles indicating increasing and decreasing inductor cur-
rent are contiguous) or DCM (where the triangles indicating
increasing and decreasing inductor current are separated) the
areas above and below the average current must be the same
and, in the case of DCM, that equality is achieved by the
separation between the triangles which increases T, ,{n]. Thus
the off-time-in CCM and DCM can be calculated as:

_ Upln] + 1.5Lpp (0] = Ic[n])L 3
B N TA TR
V,[n]- % L 4
Togpem [1] U] Lt 7] = Tonln].

= AV, [0l Vil

A block diagram of the control arrangement for applying
the above calculations to an exemplary boost power converter
is shown in FIG. 13C. A voltage divider (and, preferably, an
A/D converter) is preferably provided at both the input and
output for adjustment of the control arrangement so that the
input and output voltages are coordinated for proper opera-
tion of the control arrangement. Signals representing input
and output voltages are provided to a processor for calculat-
ing both the on-time and off-time for a particular switching
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cycle as well as the signal representing the input voltage being
supplied to a conduction mode decision control. (The calcu-
lated on-time signal is also fed back to the conduction mode
decision control.) These signals. after passing the signal rep-
resenting the output through a proportional-integral (PI) com-
pensator where it is compared with a reference, are also
multiplied to determine an average reference current, I,
which is also input to the conduction mode decision control
that applies the control law discussed above. The inductor/
filter current is sampled and provided (preferably with A/D
conversion) to a processor which calculates the off-time for
the next switching cycle. It should be noted that the on-time
and off-time are computed for each switching cycle but the
particular algorithm discussed above chosen to compute the
off-time will be controlled responsive to the conduction mode
decision which is also responsive to the result of the on-time
calculation. The on-time and off-time calculation results are
provided to an appropriate drive circuit for driving the
switch(es) of the power converter.

The improvement in efficiency at low load levels has been
verified for both low and high line or input voltages as shown
in FIGS. 14 and 15. In either case, the heavy load efficiency is
substantially the same as with constant frequency control and
in CCM operation (well above a load level resulting in CRM
operation), the switching frequency produced by adaptive
on-time control in accordance with the invention will, in fact,
be constant. At lighter loads at or below CRM where DCM
operation will be produced in a portion or the entirety of a half
line period, the reduction in frequency provided by automatic
PFM in accordance with the invention significantly reduces
switching frequency and turn-on, turn-off and core losses
related thereto such that a substantial gain in efficiency can be
obtained in a relatively simple manner. Current sampling at
the beginning of each switching cycle and determining if that
switching cycle will be operated in DCM (where the off-time
will be extended) or CCM (where off-time will not be
extended) allows shifting between DCM and CCM, or vice-
versa, as required for optimal frequency control within half
line periods.

It should also be appreciated from the foregoing descrip-
tion of the invention, that the on-time profile need not be the
same as the full load on-time profile of constant frequency
operation but can be arbitrarily set to any profile found to be
desirable. When the on-time profile is changed, the frequency
profiles will be adaptively changed accordingly. The on-time
profile within a half line cycle or period could, in fact, be any
user defined shape (as may be advantageous when particular
load levels are anticipated in a particular application of the
invention) without departing from the most basic principles
of the invention. For example, as shown in FIG. 16, the
on-time can be as described above, leading to a constant
frequency in CCM. Alternatively, the on-time can be held
constant leading to a higher switching frequency at ends of
the half line period. Conversely, a larger on-time could be
chosen; resulting in a further reduction in switching fre-
quency at all load levels. In any case, in accordance with the
principles of the invention, the switching frequency will be
significantly reduced at light loads regardless of the on-time
profile chosen.

As a perfecting feature of the invention, a multi-phase
application which provides substantial advantages in allow-
ing simplification and reduction of EMI filter size and cost
will now be described. It would be expected by those skilled
in the art that variation of switching frequency in a power
converter would lead to complications in regard to EMI filter
design, as alluded to above. While it has been shown in the
foregoing discussion of the invention, that substantial light
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load efficiency improvements can be achieved in a relatively
simple manner in accordance with the invention, EMI noise
considerations could cause power converters including the
invention to be impractical for some applications if the
required complexity of EMI filtering was sufficiently great to
significantly increase size, weight and/or cost of the overall
power converter.

The average differential mode (DM) noise comparison of
single phase, adaptive on-time PFC and a comparable con-
stant frequency PFC are shown in FIG. 17. The noise peak of
the constant frequency PFC at each order of switching har-
monic can be clearly identified. The EMI noise of the adaptive
on-time PFC in accordance with the invention is a continu-
ously changing curve because the switching frequency varies
in a half line cycle when any portion of the half line cycle is
operated in DCM, as will generally be the case. Thus the EMI
noise of the adaptive on-time PFC presents a much wider
frequency band.

Based on the tested EMI noise magnitude, in order to meet
present noise standards, the corresponding attenuation
requirement can be identified. For DM noise, the single
phase, adaptive on-time PFC need 64 dB attenuation at 150
KHz, while the single phase, constant frequency PFC needs
79 dB attenuation at 210 KHz. From these frequencies, the
filter corner frequency can be calculated, yielding a filter
corner frequency of 33.5 KHz for the adaptive on-time PFC
and 33.4 KHz for the constant on-time PFC. For common
mode (CM) noise, if known balance techniques are applied,
the CM noise of the PFC is very small and can be neglected.
CM noise is mainly determined by the downstream DC/DC
converter or voltage regulator and the magnitude and fre-
quency spectrum thereof can be used for EMI filter design.

It is known that multi-phase interleaving is an effective
way to reduce noise due to ripple cancellation and that if the
switching frequency and phase number are properly selected
in a fixed frequency, multi-phase PFC, the phase shift angle is
a fixed value. However this is not necessarily the case for an
adaptive on-time PFC in accordance with the invention since
the frequency is variable.

As discussed above in connection with FIG. 7, switching
frequency changes with load variation. As noted in regard to
FIG. 17, the EMI spectrum is a continuous curve and, there-
fore, the EMI filter will always be based on noise magnitude
at 150 KHz. In order to reduce the noise magnitude at 150
KHz, proper phase shift angle for a multi-phase PFC should
be chosen. There are many sources of the 150 KHz harmonic
such as the third harmonic of a 50 KHz ripple, fourth har-
monic of a 37.5 KHz ripple, fifth harmonic of a 30 KHZ
ripple, etc. Among these sources, the third harmonic of a 50
KHzrippleis dominant. If the phase shift angle is chosento be
30°, the third harmonic of 50 KHZ will be completely can-
celed with four phase interleaving, a comparison of the single
phase, adaptive on-time PFC with a four phase, adaptive
on-time PFC is shown in FIG. 18 in which it can be seen that
DM noise at 150 KHz is reduced by about 10 dB due to third
harmonic cancellation of 50 KHZ ripple although substantial
DM noise remains at 150 KHz.

Thus, there are still 150 KHz noise contributions from
higher order harmonics of lower frequency ripple which the
fixed phase angle is not able to cancel. The best technique for
cancellation of 150 KHz DM noise, in accordance with a
perfecting feature of the invention, is to provide adaptive
phase angle control. The basic concept of adaptive phase
angle control is illustrated in FIG. 19. In essence, when the
switching frequency is between 50 KHZ and 70 KHz, the
third harmonic of the switching frequency is dominant. So
30° phase shift will provide total cancellation of third order
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harmonics in a four phase PFC. As the switching frequency is
changing, the same principle applies. For example, if the
switching frequency shifts with diminished load to between
35.5 KHz and 50 KHz, the fourth harmonic of the switching
frequency is dominant and 22.5° phase shift between phases
of'a four phase PFC would totally cancel the fourth harmonic,
and so on for lower switching frequencies which the adaptive
on-time control in accordance with the basic principles of the
invention can reach in reducing switching frequency related
losses. The proper phase shift angle at other, lower frequency
ranges and a preferred simplification thereof is summarized
in FIG. 20. The simplification where the steps of the phase
shift versus frequency function of FIG. 20 and difficult to
implement is possible and effective because the inductor cur-
rent ripple is reduced at lower frequencies and constitutes a
very small contribution to EMI noise and total cancellation of
harmonics is less critical at low switching frequencies. Thus
it is preferred that the phase angle at frequencies below 25
KHz be approximated by a linear function which is illustrated
as a dashed line in FIG. 20. It should also be understood that
while an exemplary four phase adaptive on-time PFC has
been described and is preferred in regard to EMI noise can-
cellation between phases of a multi-phase PFC, other num-
bers of phase can be used and will imply different angles to
achieve EMI noise cancellation.

The ability of a four phase, adaptive on-time PFC to per-
form as discussed above has been experimentally verified and
the operational waveforms for light and heavy loads are
shown in FIGS. 21 and 22, respectively. These waveforms
closely resemble the theoretical waveforms of FIG. 8 (other
than in switching frequency which was reduced for clarity of
illustration in FIG. 8, as noted above) and FIGS. 13A and
13B. The phase shift angle can also be observed to change
correctly. The gain in efficiency for both high and low input
voltage is shown in FIGS. 23 and 24, from which it is seen that
the efficiency loss in a four phase embodiment is not signifi-
cantly greater than the single phase PFC in accordance with
the invention and both are an improvement of=ver constant
frequency PFC circuits.

The tested DM noise with fixed 30° phase shift and adap-
tive phase shift are compared in FIG. 25. It can be seen that
adaptive phase shift provides and additional 6 dB of noise
cancellation at 150 KHz of the 30° fixed phase shift embodi-
ment. Based on the tested noise magnitude, the DM filter
corner frequency can be calculated at 49 KHz; an approxi-
mately 16 KHz increase. Thus, the combined CM and DM
filter can be reduced in size by about one-half and is not of
increased complexity or cost. Thus, the invention provides a
PFC circuit and overall front end power supply which can be
manufactured at lower size and cost with no penally in light
load efficiency.

While the invention has been described in terms of a single
preferred embodiment and a perfecting feature thereof, those
skilled in the art will recognize that the invention can be
practiced with modification within the spirit and scope of the
appended claims.

Having thus described our invention, what we claim as new
and desire to secure by Letters Patent is as follows:

1. A method of operating a power factor correction circuit,
said method comprising steps of

applying a cyclically varying voltage to an input of said

power factor correction circuit,

performing switching to control conduction of pulses of

current at said cyclically varying input voltage to a filter/
inductor at a frequency, which is sufficiently high to
supply a predetermined current at a desired output volt-
age to a load, said switching defining a predetermined



US 8,803,489 B2

15

on-time and a predetermined off-time in accordance
with said predetermined current and said desired output
voltage and defining a switching cycle such that current
through said filter/inductor is continuous in a continuous
conduction mode,

reducing said predetermined current supplied to supply a

reduced current to said load,

determining if said reduced current is less than one half of

a current ripple produced by said switching on-time and
off-time, and

if said reduced current is less than one-half of said current

ripple, reducing said frequency of said pulses by extend-
ing said off-time during at least a portion of a cycle of
said cyclically varying voltage in accordance with said
reducing of said predetermined current such that current
through said filter/inductor is discontinuous in a discon-
tinuous conduction mode.

2. The method as recited in claim 1, wherein said step of
reducing said frequency is performed adaptively to said step
of reducing said predetermined current.

3. The method as recited in claim 2, wherein said on-time
is adaptively varied in accordance with said desired output
voltage and said cyclically varying input voltage.

4. The method as recited in claim 3, including further steps
of

sampling said input voltage, said output voltage and said

current through said filter/inductor to provide sampled
data for a said switching cycle,

selecting between said continuous conduction mode and

said discontinuous conduction mode for said switching
cycle, and

computing said off-time in accordance with said continu-

ous conduction mode or said discontinuous conduction
mode selected in said selection step.

5. The method as recited in claim 4, wherein said sampling
step is performed once for a given switching cycle.

6. The method as recited in claim 5, wherein said sampling
step is performed once for each said switching cycle.

7. The method as recited in claim 4, including the further
step of

computing an average current through said filter/inductor.

8. The method as recited in claim 7, including a further step
of

determining a ripple current through said filter/inductor

wherein, in said selecting step, continuous conduction
mode is selected if said average current is greater than
one-half said ripple current and said discontinuous con-
duction mode is selected if said average current is less
than one-half said ripple current.

9. The method as recited in claim 1, wherein said on-time
is adaptively varied in accordance with said desired output
voltage and said cyclically varying input voltage.

10. The method as recited in claim 9, including further
steps of

sampling said input voltage, said output voltage and said

current through said filter/inductor to provide sampled
data for a said switching cycle,

selecting between said continuous conduction mode and

said discontinuous conduction mode for said switching
cycle, and

computing said off-time in accordance with said continu-

ous conduction mode or said discontinuous conduction
mode selected in said selection step.

11. The method as recited in claim 10, wherein said sam-
pling step is performed once for a given switching cycle.
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12. The method as recited in claim 11, wherein said sam-
pling step is performed once for each said switching cycle.

13. The method as recited in claim 10, including the further
steps of

computing an average current through said filter/inductor,
and

determining a ripple current through said filter/inductor
wherein, in said selecting step, continuous conduction
mode is selected if said average current is greater than
one-half said ripple current and said discontinuous con-
duction mode is selected if said average current is less
than one-half said ripple current.

14. A power converter circuit comprising

a switching circuit configured to conduct pulses of a cycli-
cally varying voltage to a filter/inductor,

an output for delivering a predetermined voltage developed
by said filter/inductor to a DC/DC converter or a load,

a controller for controlling said switching circuit to deter-
mine an on-time duration and an off-time duration in
accordance with a current delivered to said DC/DC con-
verter or said load at a desired voltage, wherein said
controller determines said off-time to establish one of a
continuous conduction mode or a discontinuous con-
duction mode for respective pulses of said cyclically
varying voltage in accordance with a magnitude of said
current being greater or less than one-half of a ripple
current due to said on-time and said off-time and
wherein, during said discontinuous conduction mode,
said controller controls said switching circuit such that
said off-time includes periods of variable duration when
substantially zero current flows through said filter/in-
ductor and frequency of said pulses is thereby reduced
when said current is reduced.

15. The power converter circuit as recited in claim 14,
wherein said power converter circuit is a power factor correc-
tion circuit.

16. The power converter circuit as recited in claim 14,
wherein said controller selects a continuous conduction mode
or a discontinuous conduction mode for computation of said
off-time based on ripple current in said filter/inductor and an
average current delivered to said DC/DC converter or said
load.

17. The power converter circuit as recited in claim 14,
wherein said on-time is adaptively changed in accordance
with load current delivered to said DC/DC converter or load.

18. The power converter circuit as recited in claim 14,
further including

at least one additional switching circuit to conduct pulses
of a cyclically varying voltage to at least one additional
filter/inductor, and

said controller produces signals to drive said at least one
additional switching circuit with a selectable phase
angle different from that of said switching circuit.

19. The power converter circuit as recited in claim 18,
wherein said phase angle is selected to cancel a harmonic of
a frequency of said pulses.

20. The power converter circuit as recited in claim 19,
wherein said selected phase angle is adaptively changed in
accordance with frequency of said pulses.
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